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In this study, we synthesized a novel composite material (Au-TiO,—RGO) consisting of tiny gold nanoparticles (~4.5 nm)

grown on a layered titania (TiO,) and reduced graphene oxide (RGO) hybrid. After treatment with microwave and sulfuric
acid, solid acid (SO,*/TiO,) was in-situ formed on the surface of TiO, and the resulting Au-SO,”/TiO~RGO was
determined as an enhanced catalyst for hydration reaction. The strong metal-support interaction (SMSI) between Au and

TiO, and the cooperative effect between Au and SO,*/TiO, solid acid collectively account for the excellent performance.

Moreover, due to the versatile RGO substrate, the catalyst could also be recycled and reused for at least 5 times without

obvious deactivation.

1 Introduction

The hydration reaction is very important in organic synthesis,
which can produce valuable carbonyl derivatives from
accessible alkynyl substrates.' In the last century, the most
extensively employed catalytic systems for this reaction are
mercury salts.> Limited by their strong toxicity, green and
environment friendly catalysts are therefore needed. New
organometallic catalysts containing Ru,®> Rh,* Pt Au®® and
other metals have recently been developed and applied
successfully for this reaction. Although excellent catalytic
activities have been achieved, the homogeneous feature
limited their practical applications. These noble metal
containing catalysts are expensive and difficult to be separated
from the reaction system for recycle. Therefore, developing
efficient recyclable catalytic systems is an urgent task.
Heterogeneous catalysis using supported gold nanoparticles
(Au NPs) have been intensively explored in organic reactions
with great success.”!? The catalytic performance of Au NPs
largely depends on the property of the support. In some cases,
the support can go further than being simple carriers.'> '* They
can also form strong interactions with Au NPs and affect the
catalytic activity. On advantages of low cost, nontoxicity,
structural stability and safety, titania (TiO,) is the most widely
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employed support for Au NPs in heterogeneous catalysis.'>"'®

It has been reported that Au and TiO, can form strong
support—metal interaction (SMSI) and promote the reactions in
certain catalytic systems.'”?' Actually, to date, Au NPs
supported on TiO, nanoparticles (Au—TiO;) have exhibited
high activity and selectivity in many important reactions, such
as photocatalytic degradation reactions,”> 2* hydrogen
production reactions,?* ** hydrogenation reactions,”® oxidation
reactions”’?? and so on.’*?!

Considering its catalytic performance, we
speculated Au-TiO, might be an effective heterogeneous
catalyst for hydration reactions. However, despite of
heterogeneous feature, the separation and recycle process are
still difficult to be performed due to small particle size of the
Au-TiO, composite. To facilitate the recycle process, a more
versatile support is needed for Au—TiO,. Considering the
advantages in facilitating the dispersion and mass transfer of
the supported catalysts in solvents,’> the two-dimensional
reduced graphene oxide (RGO) possesses great potential as an
ideal substrate for Au-TiO,. Actually, many papers have
reported TiO, supported on reduced graphene oxide (TiO,—
RGO), and the composite has been successfully employed as
catalysts for many reactions>. The strong interaction
between TiO, and RGO confirms the excellent performance.

Hence, in this account, we designed a facile strategy to
synthesize a novel composite (Au—TiO,—RGO) as a catalyst
for hydration reactions. As seen in Scheme 1, TiO,
nanoparticles with anatase phase were firstly overlayed on the
two-dimensional RGO nanosheets. Subsequently, tiny Au NPs
with uniform dispersion and size dimension (~4.5 nm) were
deposited on the sandwich-like TiO,—RGO support. Finally,
with the assistance of microwave and the addition of sulfuric
acid, surface acid sites (SO,*>/TiO,) with bridge bidentate

excellent
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structure was in-situ formed, and the obtained Au-SO,*
/TiO,—RGO served as an enhanced catalyst for hydration
reaction. What’s more, owing to the versatile RGO substrate,
the catalyst could also be recovered and reused easily without
significant decrease of activity.

tetrabutyl
titanate -

TiO,-RGO

HAuCl, sf’d“"“
citrate

-y

~ Au-TiO,-RGO

% \
M *

w, 129 ¢

Scheme 1. Illustration of the preparation and structure of Au-SO,*>/TiO,~RGO.

2 Experimental
2.1 Preparation of Au-TiO,~RGO

Graphite oxide (GO) was prepared by the Hummers method,*’
and GO was obtained and purified as described in previous
studies.®® To prepare TiO,—~RGO, 240 mg of GO and 3 mL of
tetrabutyl titanate were dispersed in 100 mL isopropanol by
sonication for 1 h. Subsequently, 3 mL of deionized water was
added dropwise, and the mixture was kept stirring for another
2 h. The solution was then transferred into a 150 mL Teflon-
lined stainless steel autoclave and heated at 180 °C for 8 h.
GO could be reduced to RGO during the hydrothermal
process.*® The as-prepared TiO,~RGO was then purified by
centrifugation and washing with ethanol and deionized water
three times, respectively. To prepare Au-TiO,—RGO, TiO,—
RGO was firstly dispersed in 100 mL deionized water with
sonication for 0.5 h. 0.5 g of glucose and 0.5 g of sodium
citrate were then added into the suspension. After sonication
for another 5 min, 2.5 mL of chloroauric acid (HAuCly) (0.02
M) was added to this mixture, and it was stirred for 4 h at
room temperature. The resulting mixture was centrifugated
and washed with deionized water three times, followed by
freeze-drying.

2.2 Preparation of Au-S0,/TiO,—RGO

The Au-SO,*>/TiO,~RGO was obtained during the hydration
reaction. 25 mg of Au—-TiO,—RGO and 1.0 mmol of sulfuric
acid were added to 5 mL of dioxane. The mixture was heated
to 120 °C with the assistance of microwave and stirred for 2 h.
The as-prepared Au—-SO,>/Ti0,—RGO was then purified by
centrifugation and washing with ethanol and deionized water
three times, respectively.

2 |RSC Adv., 2016, 00, 1-3
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2.3 Catalytic hydration reaction

The catalytic reactions were conducted in a microwave reactor.
0.25 mmol of phenylacetylene, 25 mg of Au-SO,*/TiO,—
RGO (1 mol% equiv.), 0.5 mmol of deionized water and 1.0
mmol of sulfuric acid were added to 5 mL of dioxane. The
mixture was heated to 120 °C with the assistance of
microwave and stirred for 2 h. At the stated time, samples
were taken from the reaction mixture and analyzed by gas
chromatography (GC). For the recycling experiments, the
reactions were carried out under the same conditions. After
each run, the catalyst was recovered from the reaction mixture
by centrifugation, washed with ethanol and deionized water
three times, respectively, followed by freeze-drying, and then
reused in next the run.

2.4 Characterization

The X-ray diffraction (XRD) was performed on a Bruker-
Nonius D8 FOCUS diffractometer. Transmission electron
microscopic (TEM) and high resolution transmission electron
microscopic (HRTEM) images were recorded using a JEM-
2100F transmission electron microscope operating at 200 kV.
X-ray photoelectron spectroscopy (XPS) measurements were
performed on a PHI 1600 spectrometer (Perkin-Elmer).
Fourier transform infrared (FTIR) spectroscopy was carried
out on a Nicolet Nexus FTIR Spectrometer using KBr pellets
method. NH; Temperature-Programmed Desorption (NH;-
TPD) was measured in a flow-type fixed-bed reactor at
ambient pressure. 0.1 g sample was heated at 500 °C for 2 h
and cooled to 120 °C in flowing He. At 120 °C, the sample
was treated by sufficient pulses of NH; till adsorption
saturation, followed by a He purge for about 2 h. The
temperature was raised up from 120 to 500 °C at a rate of 10
°C /min to desorb NH; and maintained at 500 °C for 0.5 h. The
gold loading of the Au-TiO,—~RGO composites was
spectrometer (ICPOES, Vista-MPX). The catalytic results
were measured by an Agilent 6890N GC using the standard
curve method.

3 Results and discussion
3.1 Characterization of Au-TiO,-RGO

The X-ray diffraction (XRD) pattern of the composite is
shown in Figure 1. The specific diffraction peaks of anatase
TiO, and Au can be identified. They match well with the
standard patterns of anatase TiO, (JCPDS card no. 21-1272)
and Au (JCPDS card no. 04-0784).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. X-Ray diffraction (XRD) pattern of Au-TiO,—RGO.

Figure 2a shows the transmission electron microscopic
(TEM) image of the Au—-TiO,—RGO sample. As can be seen,
the RGO substrate is homogeneously and condensedly
decorated with TiO, nanoparticles. Au NPs are dotted around
the TiO, layer without any agglomeration. With narrow size
distribution, the average size of Au NPs and TiO, are 4.5 nm
and 8.3 nm, respectively (Figure 2c, d) The high resolution
transmission electron microscopic (HRTEM) image in Figure
2b proves a very close contact between the three components,
and both of the characteristic finger lattices of TiO, and Au
can be observed. The measured regular d-spacing of 0.352 nm
corresponds to the (101) face of the anatase TiO,, and the d-
spacing of 0.235 nm is representative to the (111) face of the
Au nanocrystals. As a control, TEM image of Au-TiO, was
also provided in the ESIT (Figure S1). As can be seen, TiO,
and Au would agglomerate seriously in the absence of RGO.
Therefore, the RGO substrate plays an important role on the
homogeneous dispersion of the catalytic sites.

Tio, NPs.
Mean: 8.3 nm

Size distribution
Size distribution

& 7 8 9 10 11 12 13

Diameter of NPs (nm)
Figure 2. (a) TEM and (b) HRTEM image of Au-TiO,—RGO; Size distribution
of (¢) anatase TiO, nanoparticles and (d) Au NPs.

Diameter of NPs (nm)
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full range XPS spectrum of Au-TiO,—RGO, and an additional
signal of S appears in the spectrum of Au-SO,*/TiO,~RGO
(Figure 3a), indicating that Au—-TiO,—~RGO might be sulfated
during the reaction. Meanwhile, the content of S and Au are
estimated to be 4 atomic% and 0.2 atomic%, respectively. A
further study reveals the S band can be divided into two peaks
at binding energies of 168.5 and 169.6 eV, respectively,
corresponding to sulfur in a six-oxidation state (S 6+) (Figure
3b).3° This result confirms the generation of SO,*/TiO, solid
acid in the reaction process. The Ti and Au band of Au-TiO,—
RGO were also carefully analyzed. As seen in Figure 3¢, Ti 2p
spectrum shows two peaks at 459.2 and 464.9 eV,
corresponding to the binding energies of Ti 2p 3/2 and Ti 2p
1/2.% Au 4f spectrum exhibits two typical peaks at 83.7 and
87.4 eV, which correspond to the binding energy of Au (0)
(Figure 3d). Compared with the general binding energies of 4f
7/2 (84.0 eV) and 4f 5/2 (87.7 V) for Au (0),*! the peaks shift
to lower value. Such phenomena reveals a charge transfer
from TiO, to Au, and the SMSI between them can facilitate
the reaction rate.*” Moreover, compared with GO, C 1s XPS
spectrum of Au-TiO,—RGO shows a significant decrease in
the C-O-C and C-OH peaks at around 286.7 eV (Figure S2),
which indicates the GO precursor is partially reduced to RGO
in the hydrothermal process®®. To study the stability of the
catalyst, the XPS spectrum of Au—SO,*/TiO,~RGO after 5
cycles is shown in Figure S3. The content of Au is estimated
as 0.2 atomic%, confirming the stability of Au7SO42’/TiOr
RGO. Besides, S signal can also be seen, which further
confirms the generation of S0,%7/TiO, solid acid. However,
the content decreases to 1 atomic%, which might be caused by
loss of acid sites upon reuse.

® N -

3450

(a)

3450

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm'1)

Figure 4. FTIR spectra of (a) Au-TiO,~RGO and (b) Au-SO,*/TiO,~RGO.
The characteristic vibrational bands at 1214, 1136, 1049, and 989 cm'
originated from the asymmetric and symmetric stretching vibration of the S=O
and S—O bonds.

The X-ray photoelectron spectroscopy (XPS) spectra of
Au-TiO,-RGO and Au-SO, /TiO,~RGO are shown in
Figure 3. Au, Ti and C signals can be clearly observed in the

This journal is © The Royal Society of Chemistry 20xx

To further investigate the formation of surface S0,>/TiO,,
Fourier transform infrared (FTIR) spectra of Au—TiO,—RGO
and Au-SO,>/TiO,—~RGO are provided in Figure 4. The
presence of peaks at around 3450 and 1400 cm™' in both
spectra should be due to the absorbed water.

RSC Adv., 2016, 00, 1-3 | 3
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Figure 3. (a) Full range XPS spectra of Au-TiO,—RGO and Au-SO4*/TiO,~RGO; (b) S 2p XPS spectrum of Au—-SO,*/TiO,—~RGO; (¢) Ti 2p and (d) Au 4f XPS

spectrum of Au-TiO,—RGO.

The band at about 1630 cm™ is attributed to in-plane vibration
of C=C band, suggesting a partially reduction of GO.* In the
spectrum of Au-TiO,—RGO, the peak at 1220 cm ! should be
ascribed to the residual C-O groups of RGO. By contrast,
characteristic frequencies of bidentate SO,* co-ordinated to
Ti*" at 1214, 1136, 1049, and 989 cm ' can be clearly
observed in Au—-SO,*/Ti0,~RGO. The result provides direct
evidence on the successful introducing of sulphate groups to

the TiO, framework.***¢

Medium-strong acid
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Strong acid
o
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- 1.5 (247 °C)
3
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Figure 5. NH;-TPD spectrum ofAu—SOf’/TiOg—RGO.

The surface acidity of the Au-S0,*/TiO,—RGO is
measured by NH;-TPD method. Four types of acid site can be
observed in Figure 5. The peak at 247 °C should be generated
by weak adsorption in the low test temperature range. The
peaks at 327 °C, 396 °C and 486 °C should correspond to the

This journal is © The Royal Society of Chemistry 20xx

medium-strong acid sites, the strong acid sites, and the super
strong acid sites, respectively.*’ The ratio of four acidic peaks
is 0.61/0.65/1/0.16, indicating the Brensted acid property of
Au-S0,>/TiO,—RGO.

3.2 Catalytic reaction

The catalytic performance of the prepared catalyst was
through the hydration of
phenylacetylene. As microwave is an efficient way to improve

systematically examined
catalytic performance, especially for solid acid involved
reactions,”® microwave was employed. Table 1 summarizes
the catalytic performance of different samples. In the absence
of H,SO,, all of the Au—RGO, Au-TiO,, Au-TiO,—~RGO were
inactive (Entry 3, 5, 7). Pure H,SO, without any catalyst
showed very low activity for the reaction (Entry 1). Therefore,
H,SO, is an essential promoter for the reaction. With the
addition of H,SO,4, RGO alone was hardly active (Entry 2).
When Au NPs was loaded (Au—RGO), the conversion and
yield reached up to 64% and 48%, respectively (Entry 4). The
result implied Au was a necessary active substance for
hydration process. Au-TiO, showed a better performance,
resulting in 60% yield and 100% selectivity (Entry 6), which
should be attributed to the SMSI as probed above. Remarkably,
when Au-TiO, was supported on RGO, namely Au-TiO,—
RGO, a yield of 100% could be achieved (Entry 9). It is worth
mentioning that TiO,—~RGO exhibited a surprising conversion
of 63%, but a low selectivity (Entry 8). This should be mainly
ascribed to the significantly enhanced acidity of H,SO, with
the assistance of the SO,*/TiO, solid acid formed during the
reaction. ¥ So the enhanced performance of Au-TiO,~RGO
should owe to not only the homogeneous dispersion and
promoted SMSI arising from the RGO substrate, but also the
in-situ formed SO,>/TiO, acid

RSC Adv., 2016, 00, 1-3 | 4
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Table 1. Structural parameters and catalytic efficiencies in phenylacetylene hydration.”

Table 2. Alkyne hydrations over the Au—SO,*/TiO,~RGO catalyst.*

— 0
- Catalyst

Au H,SO, Conversion Yield

Entry Sample (mmol/g) (mmol) (%) (%)
1 Blank / 1.0 14 11
2 RGO / 1.0 15 11
3 Au-RGO 0.16 0 0 0
4 Au-RGO 0.16 1.0 64 48
5 Au-TiO, 0.14 0 0 0
6 Au-TiO, 0.14 1.0 60 60
7 Au-TiO-RGO 0.13 0 0 0
8 TiO,-RGO / 1.0 63 37
9 Au-TiO-RGO 0.13 1.0 100 100
10 Au-TiO»RGO-1° 022 1.0 83 82
11 Au-TiOyRGO-2°  0.07 1.0 89 89
12 Au-TiO»RGO* 0.13 1.0 57 49
13 Au-TiORGO* 0.13 1.0 95 89

*General conditions: phenylacetylene (0.25 mmol), HO (0.5mmol), dioxane (5
mL), catalyst (1 mol% Au), microwave heating at 120 °C, 2 h.

“Calibrated yields determined by GC.
“Au-TiO,~RGO with different gold loading.
4 0il bath heating at 120 °C within 2h and 16 h.

sites. To optimize the loading weight of Au, Au-TiO,—RGO
with two more Au percentage were prepared (Entry 10, 11). It
was found that Au—TiO,—RGO with 0.13 mmol/g gold loading
showed the best catalytic activity. Controlling experiments
with oil bath heating were also conducted. Au—-TiO,—RGO
gave a much lower conversion of 57% and yield of 49%
within the same time (Entry 12). When the reaction time was
extended to 16 h, the conversion and yield could just reach up
to 95% and 89%, respectively (Entry 13).

To demonstrate the universality of the Au-S0,*/TiO,—RGO,
different substrates with significant structural variation were
proceeded (Table 2). Au—-SO4>/TiO,~RGO shows excellent
catalytic activity in the hydration of substrates with excellent
yields (94-99%). It can be noted that the presence of
substituent on the p-position of benzene had very little
influence on the catalytic efficiencies, showing 100%
conversion and 99% yield for the corresponding product
(Entry 1). Importantly, when an unsymmetrical internal alkyne
engaged in the reaction, one exclusive regioisomer was
obtained in very high yield (94%, Entry 2). Aliphatic alkynes
also achieved excellent yield of 96% (Entry 3 and 4). The
catalytic results reveal that Au-S0,>/TiO,—RGO is a versatile
catalyst for hydration reaction.

This journal is © The Royal Society of Chemistry 20xx

Conversion Yield
Entry Substrate Product
(%) (%)

1 Br—@—

L

2 ()— M 9% %
oy
wo

100 99

97 96

General conditions: substrate (0.25 mmol), H,O (0.5mmol), dioxane (5 mL),
catalyst (1 mol% Au), H,SO4 (1.0 mmol), microwave heating at 120 °C, 2 h.

°Calibrated yields determined by GC.

According to the catalytic results, a general mechanism has
been proposed to explain this catalytic process (Scheme 2).>
First of all, Au forms complex with the triple bond of
phenylacetylene. In this step, TiO, bonds strong interactions
with the Au NPs to decrease surface energy of the
nanoparticles. So phenylacetylene can be more -easily
adsorbed to the active sites and accelerate the catalytic cycle.”!
Besides, charge transfer from RGO to Au-TiO, further
regulates the strong interactions between Au and TiO,,
yielding electron-rich Au NPs, which are easier to form higher
valence gold species, thus rendering remarkable catalytic
performance. Subsequently, regioselective addition of water
happens, which is affected by the SMSI in Au-TiO, and
generates desired acetophenone. Finally, acid catalyzed
reductive elimination of Au gives enol form, which rearranges
into keto form. With the assistance of microwave, the in-situ
formed solid acid SO4*/TiO, may greatly facilitate this step.
Therefore, the enhanced catalytic performance should mainly
attributed to the SMSI between Au and TiO,, the versatile
RGO substrate, and the in-situ formed SO,>/TiO, acid sites.

(o]

)}\ OH H
Ph AN >:<
Ph—=—

L = Au /
H \
OH Au Au

Ph—==
) H\_/
K\ H,0

H

Scheme 2. Plausible mechanism of the hydration of phenylacetylene.
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After the reaction, the solid catalyst can be easily recovered
from the reaction mixture by filtration or centrifugation. As
shown in Figure 6, the catalyst can be successively recycled
for 5 times without obviously decrease of the activity and
selectivity decreasing. According to the XPS results, we
speculate the drop in activity should be mainly ascribed to the
loss of acid sites. Metal leaching is also examined by ICP
analysis after each recycle, and no Au and Ti can be detected,
which is in accordance with the XPS analysis, revealing the
high stability of the catalyst.

Il Conversion
B Yield
100+
9
- 804
8
b=
o 60
c
L
[
5 40
>
c
[«
O 201
0-
1 2 3 4 5

Recycle Runs

Figure 6. Catalyst recycling runs for alkyne hydration.

4 Conclusions

In summary, we have prepared a novel Au-TiO,—RGO
composite with uniform and tiny Au NPs supported on layered
TiO,—RGO support. After treatment with microwave and

sulfuric acid, surface SO,>7/TiO; solid acid was in-situ formed.

The resulting Au-SO,7/TiO,~RGO was determined as an
enhanced and recyclable catalyst for the hydration. The SMSI
between Au and TiO,, versatile RGO substrate, and in-situ
formed SO,*7/TiO, account for the excellent performance.
The novel catalyst design strategy is readily extended to other
reaction systems with amazing catalytic performance.
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A novel composite (Au-SO,”/TiO,~RGO) is synthesized and serves as an enhanced catalyst

for alkyne hydration.
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